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Abstract 29 
Although a large part of the global domestic dog population is free-ranging and free-30 
breeding, knowledge of genetic diversity in these free-breeding dogs (FBDs) and their 31 
ancestry relations to pure-breed dogs is limited, and indigenous status of FBDs in Asia is 32 
uncertain. We analyse genome-wide SNP variability of FBDs across Eurasia, and show 33 
that they display weak genetic structure, and are genetically distinct from pure-breed 34 
dogs rather than constituting an admixture of breeds. Our results suggest that modern 35 
European breeds originated locally from European FBDs. East Asian and Arctic breeds 36 
show closest affinity to East Asian FBDs, and they both represent earliest-branching 37 
lineages in the phylogeny of extant Eurasian dogs. Our biogeographic reconstruction of 38 
ancestral distributions indicates a gradual westward expansion of East Asian indigenous 39 
dogs to the Middle East and Europe through Central and West Asia, providing evidence 40 
for a major expansion that shaped the patterns of genetic differentiation in modern 41 
dogs. This expansion was probably secondary
 
and could have led to the replacement of 42 
earlier resident populations in Western Eurasia. This could explain why earlier studies 43 
based on modern DNA suggest East Asia as the region of dog origin, while ancient DNA 44 
and archaeological data
 
point to Western Eurasia. 45 
 46 
Keywords: Canis lupus familiaris, Biogeographic reconstruction, Dog origin, Expansion 47 
wave, Free-breeding dogs  48 
 49 
50 
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1. Introduction 51 
The global dog population has been estimated at 1 billion individuals [1], with about 52 
75% of this population classified as free-ranging [2]. Free-ranging dogs may be owned but 53 
not permanently restrained, semi-feral or feral [2]. Their common characteristic is that they 54 
are not artificially restricted in individual mate choice, i.e. are free-breeding (a term we use 55 
after [3]). While the population genetic structure of pure-breed dogs is defined by human 56 
breeding practices [4, 5], the genetic structure of free-breeding dogs (FBDs) is expected to be 57 
largely defined by ecological and evolutionary processes (like dispersal patterns, mate choice, 58 
natural selection), while still being affected by certain human activities (e.g. translocations, 59 
introduction of non-native dog breeds). Unrestricted mate choice has thus major evolutionary 60 
implications. 61 
Close breeding practices resulting in the development of modern dog breeds have only 62 
been introduced in the last few centuries [6], and the breed formation process was associated 63 
with severe bottlenecks and a large increase in linkage disequilibrium [7, 8]. Therefore, FBDs 64 
that did not experience these breeding practices may be better suited to reconstruct events at 65 
earlier stages of the dog history preceding the origin of modern breeds. However, this depends 66 
on whether they represent indigenous populations (i.e. deriving from ancestors native for a 67 
region they occupy) instead of being a recent admixture of modern breeds or originating from 68 
recent translocations. 69 
The indigenous status of FBDs has been explicitly assessed in Africa [9, 10], the 70 
Americas [10, 11], and recently also in Oceania and southern parts of Europe and Asia [10]. 71 
African FBDs were shown to be a mosaic of indigenous dogs genetically distinct from non-72 
African breed dogs, and non-native, mixed-breed individuals [9, 10]. FBDs from South and 73 
North America (except for the Arctic regions) and from South Pacific mostly descend from 74 
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European dogs, with indigenous American dogs contributing to only a small fraction of the 75 
modern gene pool [10, 11]. In contrast, in FBDs from central and south Asia native ancestry 76 
components predominate [10]. 77 
Although Eurasia is a particularly important region in dog’s evolutionary history, 78 
being the continent where the domestication took place [5, 10, 12-17], earlier studies focused 79 
mostly on FBD populations from southern parts of Asia [10, 12, 15-17], while little is known 80 
about FBDs from central and northern Eurasia. Recently, it has been shown that Arctic dog 81 
breeds trace a part of their ancestry to ancient Siberian wolves [18], implying that north Asia 82 
is an important region for the dog’s evolutionary history. Therefore, for accurate 83 
reconstruction of this history, the analysis of genetic variability in populations from both 84 
southern and northern parts of Eurasia is required.  85 
Understanding the ancestral status of Eurasian FBDs may also shed light on the origin 86 
of pure-breed dogs. Some breeds, mostly of non-European origin (Supplementary Table 1), 87 
have been classified as “ancient” based on their early branching in the phylogeny of pure-88 
breed dogs
 
[4, 5], and it has been suggested that they “may be the best living representatives 89 
of the ancestral dog gene pool” [4]. Alternatively, this branching pattern can simply reflect 90 
geographic isolation of these breeds and their consequent genetic differentiation from modern 91 
European breeds [6]. Reconstructing the phylogenetic relationships between these breeds and 92 
regional FBD populations may improve our understanding of relationships between different 93 
breeds and provide correct interpretation for the observed branching pattern. 94 
In this study, we compared genome-wide SNP profiles of 200 FBDs from across 95 
Eurasia (Fig. 1) with 51 “ancient” and modern breeds (combining newly-generated and 96 
published datasets; [19]) in order to understand the relationships between these groups, assess 97 
the indigenous status of Eurasian FBDs, reconstruct their population genetic structure, and 98 
infer past phylogeographic events in Eurasia.  99 
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 100 
2. Material and Methods 101 
Datasets 102 
 We collected blood samples from 234 free-breeding domestic dogs from 14 sites across 103 
Eurasia (Fig. 1A). Multiple samples were collected from each site (Supplementary Table 2). 104 
All these samples were genotyped with CanineHD BeadChip (Illumina) at 167,989 autosomal 105 
SNP loci (referred to as 168K) and 5,660 X chromosome SNP loci, together with four grey 106 
wolves from Armenia (the South Caucasus). We identified and removed closely related 107 
individuals from this dataset (see Supplementary Text), reducing it to 200 unrelated 108 
individuals. This dataset will be referred to as "FBD dataset".  109 
 This dataset was complemented with two datasets of SNP genotypes of pure-breed dogs 110 
(Supplementary Table 3). The first dataset consisted of 96 pure-breed or crossed-breed dogs 111 
collected from across the United Kingdom using Performagene saliva sample collection kits 112 
(DNA Genotek). These dogs represented 30 breeds (88 individuals, with 1–9 individuals per 113 
breed; Supplementary Table 3) and five types of crosses between two known breeds (8 114 
individuals, with 1–3 individuals per cross type). This dataset will be referred to as "UK 115 
dataset". The second dataset was a publicly available dataset from the LUPA project [19], 116 
which contained 446 pure-breed dogs representing 30 different breeds (with 10-26 individuals 117 
per breed). It will be referred to as "LUPA dataset". 118 
 These additional datasets were both generated using CanineHD BeadChip, the same as 119 
the FBD dataset, and therefore all three datasets could be merged without a reduction of the 120 
usable SNP set. Correct merging of the datasets was confirmed by the joint clustering of 121 
individuals representing the same breed, independent of whether they originated from the UK 122 
or LUPA datasets. 123 
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 The initial set of 168K autosomal loci was pruned using PLINK [20] from loci with 124 
minor allele frequency (MAF) below 0.01 and those with missing data for more than 10% of 125 
individuals. The X chromosome loci were also removed from all datasets. This resulted in a 126 
set of 147,836 loci when the FBD dataset was analysed separately, and 147,485 loci when all 127 
the tree datasets were analysed together. For some analyses (highlighted throughout the text), 128 
a dataset pruned from loci in strong linkage disequilibrium (LD) was required. It was obtained 129 
by further pruning the dataset from SNPs with an r
2
 <0.5 within a 50 SNP sliding window, 130 
with a 10 SNPs step size (where r
2
 is a squared correlation in genotype frequencies between 131 
loci). The LD-pruning resulted in a set of 108,610 loci when the FBD dataset was analysed 132 
separately, and 104,769 loci when all the three datasets were analysed together. 133 
 In LD and PCA analyses, we also included a newly generated dataset of 79 grey wolves 134 
from different parts of Asia: the Caucasus (26 individuals), Mongolia (14 individuals), Saudi 135 
Arabia (2 individuals) and Siberia (37 individuals). This dataset was also generated using 136 
CanineHD BeadChip, and therefore could be merged with the three dog datasets without 137 
reducing the usable SNP set. The combined dataset was pruned to remove loci with 138 
MAF<0.01 and those with missing data for more than 10% of individuals as well as X-139 
chromosome loci, which resulted in a set of 147,483 loci. The LD-pruning (r
2
 <0.5) resulted 140 
in 110,112 loci.  141 
 142 
Analysis of genetic differentiation in Eurasian FBDs  143 
We analysed population genetic structure using the LD-pruned FBD dataset. We used 144 
the Bayesian clustering methods with no prior population information as implemented in 145 
ADMIXTURE [21] and STRUCTURE [22]. In addition, we carried out a spatially explicit analysis 146 
of genetic structure using the software GENELAND [23]. Because genetic clustering methods 147 
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do not perform well in populations that exhibit an isolation-by-distance pattern of the spatial 148 
distribution of genetic diversity
 
[24], we assessed whether such pattern is present in the FBDs 149 
across Eurasia using a simple (univariate) Mantel test implemented in GENALEX 6.5 [25]. We 150 
also used GENALEX to carry out a spatial autocorrelation analysis based on pair-wise FST 151 
values between 14 sampling sites. The details of all these analyses are described in 152 
Supplementary Materials. 153 
We calculated pair-wise isolation-by-state (IBS) distances between all individuals 154 
from the FBD dataset in PLINK, and used a matrix of (1-IBS) values to construct a 155 
neighbour-joining tree representing genetic differentiation among individuals from different 156 
local populations, using the software MEGA6 [26]. To identify the dominant components of 157 
variability within the FBDs, we performed a Principal Components Analysis (PCA) using the 158 
SMARTPCA program from EIGENSOFT [27] package. EIGENSOFT was also used to estimate 159 
average divergence between and within 14 sampling sites, as well as pair-wise FST between 160 
the sites.  161 
   162 
Heterozygosity, autozygosity and linkage disequilibrium analysis 163 
Estimates of heterozygosity and linkage disequilibrium (LD) are dependent on sample 164 
size. Therefore, we randomly selected 9 unrelated individuals from all FBD populations that 165 
originally had larger number of samples. This way we obtained the equal sample size of 9 166 
individuals for all but two local populations (with sample sizes of 4 and 5 individuals).  167 
Using PLINK, we calculated observed and expected heterozygosity in each population. 168 
We also assessed autozygosity levels by identifying runs of homozygosity (ROHs), longer 169 
than 100 kb and spanning at least 25 SNPs, in individuals from each population. The LD-170 
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pruned dataset (with the threshold of r
2
 < 0.5) was used in this analysis to avoid identifying 171 
ROHs resulting from strong LD rather than from autozygosity.  172 
For selected local populations representing each of the four main regions (East Asia, 173 
the Middle East, Central/West Asia and Europe), we calculated genome-wide pair-wise 174 
genotypic association coefficient r
2
 between all autosomal SNPs with MAF>0.15, which 175 
provided us with an estimate of LD. In addition, we also analysed LD for grey wolf 176 
populations from Mongolia and Armenia, based on 9 individuals each. We estimated effective 177 
population sizes (NE) based on the extent of LD, to compare the demographic trends between 178 
FBDs from different regions (see details in Supplementary Material). 179 
 180 
Analysis of genetic differentiation between FBDs and pure-breed dogs 181 
For the combined SNP dataset consisting of FBDs and pure-breed dogs (LUPA and 182 
UK dataset), we constructed a PCA plot as well as neighbour-joining trees of both inter-183 
population FST coefficients and inter-individual IBS distances, as described above. We also 184 
re-ran this analysis with the addition of the grey wolf data. 185 
Because uneven sample sizes of different populations may bias the PCA results [28], 186 
we also carried out the PCA after randomly removing individuals from some populations to 187 
obtain more even sample sizes: 93 FBDs (7 per sampling site except for two sites with lower 188 
sample number), 87 individuals representing European breeds (1 or 2 individuals per breed), 189 
31 individuals representing East Asian and Arctic breeds (all available), 12 Eurasiers (all 190 
available) and 83 grey wolves (all available). 191 
 192 
Analysis of admixture among dog breeds and FBDs 193 
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We analysed patterns of admixture among pure-breed and FBDs using the program 194 
TREEMIX [29]. This analysis was carried out for the combined dataset consisting of free-195 
breeding and pure-breed dogs (FBD, UK and LUPA datasets), with Caucasian grey wolves as 196 
an outgroup. The UK dataset included some known cross-breed individuals, which were 197 
removed from this analysis, because the presence of cross-breeds affected the tree topology 198 
by clustering parental breeds together (e.g. Labradors and other retrievers clustered with 199 
Poodles in the presence of Labradoodles; see Supplementary Fig. 10). We also removed dog 200 
breeds represented by one individual only, and a few pure-breed individuals that did not 201 
cluster with their alleged breed. 202 
We constructed the maximum likelihood trees containing both the pure-breeds and 203 
free-breeding populations assuming (a) no post-divergence gene flow among populations, and 204 
(b) 10 gene flow events. Although the LD-pruned dataset was used, to further account for LD 205 
we constructed the trees using blocks of 100 SNPs rather than individual SNPs. For the tree 206 
with no gene flow, we generated 1,000 bootstrap replicates by re-sampling blocks of 100 207 
SNPs. For the tree with 10 gene flow events, we generated only 100 replicates due to long 208 
computational time. For this tree, a jackknife analysis was used to assess whether the 209 
inclusion of each migration edge significantly improved the fit of this phylogenetic model to 210 
the data. We also constructed a tree assuming 15 gene flow events, to test whether the 211 
addition of more migration edges changes the tree topology. 212 
 213 
Reconstruction of distributions of ancestral dog populations 214 
We used the software RASP
 
[30], which estimates the occurrence of migration and 215 
vicariance events along a user-defined phylogenetic tree, to reconstruct the distribution of 216 
ancestral dog populations. For this purpose, we used the phylogenetic trees constructed in 217 
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TREEMIX (one assuming no post-divergence gene flow and the second assuming 10 gene flow 218 
events). The following distribution ranges were considered: Europe, Central/West Asia, 219 
Middle East, East Asia, and East Russia. Arctic breeds were assigned to East Asia, according 220 
to their primary origin [31-33]. Eurasier was assigned to both Europe and East Asia. Grey 221 
wolf, used as an outgroup, occurs in all the distribution ranges considered, and therefore was 222 
uninformative in this analysis.  223 
We used the parsimony-based Statistical Dispersal-Vicariance Analysis (S-Diva) [34]
 
224 
and the Bayesian Binary (BB) Markov Chain Monte Carlo method
 
[35] to estimate 225 
uncertainty in the reconstruction of ancestral distributions. A maximum of five geographic 226 
regions per node were considered, and an uninformative distribution was applied to the root. 227 
For the BB method, a total of 10 MCMC chains were run, 9 of which were heated, with 228 
10,000,000 iterations and 20% burn-in.  229 
 230 
3. Results  231 
Genetic differentiation in Eurasian FBDs  232 
Although genetic differentiation among Eurasian FBDs was relatively weak, different 233 
population clustering methods we used supported a division into three large-scale regions: 234 
East Asia, the Middle East, and Western Eurasia (Fig. 1). Western Eurasia was further sub-235 
divided into Europe and Central/West Asia, based on both geographic proximity and genetic 236 
similarity of local populations (Fig. 1; Supplementary Figs 1-4). The population from East 237 
Russia, geographically belonging to East Asia, was genetically more similar to Central/West 238 
Asia. Therefore, it was considered as a separate region. We describe the results of population 239 
genetic and phylogenetic analyses that support this division in Supplementary Materials.  240 
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Despite the weak differentiation, some meaningful patterns could be identified. Most 241 
East Asian dogs (from China, Thailand and Mongolia) branched from basal nodes of the IBS 242 
tree, even though they did not group into a single clade (Supplementary Fig. 3). Multiple 243 
individuals from Thailand and one from Mongolia grouped together with dogs from western 244 
Eurasia, which may reflect recent gene flow of “western” dogs into East Asia. Individuals 245 
from Europe, West Asia and Central Asia did not group into clades consistent with 246 
geography, suggesting that they may constitute one genetic population (Supplementary Fig. 247 
3). Dogs from East Russia were also part of this large admixed group in the IBS tree, and 248 
clustered with West Eurasia in all other analyses (Supplementary Figs. 1-2).  249 
 250 
Heterozygosity and linkage disequilibrium in Eurasian FBDs  251 
Observed heterozygosity in the 14 sampling sites varied between 0.30 and 0.35, and 252 
no consistent differences in heterozygosity were found between the four main regions of 253 
Eurasia (Supplementary Table 4). No consistent differences occurred between autozygosity 254 
levels, either (Supplementary Fig. 5, Supplementary Table 5).  255 
The Chinese FBD population had lower linkage disequilibrium (LD) compared with 256 
other populations for all genetic distance classes (Supplementary Fig. 6A). FBD populations 257 
from Europe, Central/West Asia and the Middle East had similar LD levels for small distance 258 
classes (1.25–115 kb), supporting their common origin. The populations from Thailand and 259 
Mongolia had intermediate r
2
 values between the Chinese population and all other populations 260 
for distance classes between 1.25 and 60 kb, while their r
2
 values for larger distance classes 261 
were comparable with West Eurasian FBD populations (Supplementary Fig. 6B, C).  262 
For short distance classes (1.25–40 kb) grey wolf populations had lower LD than 263 
FBDs (Supplementary Fig. 6B), as expected for an ancestral group. However, for long 264 
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distance classes (275–1,000 Kb) LD was higher in wolves than in FBDs (Supplementary Fig. 265 
6C), consistent with a long-term decline in wolf numbers in Eurasia [36, 37]. LD decayed 266 
below r
2
 = 0.5 at 3.75 kb in Chinese FBDs, 5–7.5 kb in other FBD populations, and 2.5 kb in 267 
wolves. Chinese FBDs had higher NE estimates (inferred from LD) than any other FBD 268 
population throughout all the time periods assessed. The populations from Thailand and 269 
Mongolia had intermediate NE estimates between the Chinese population and all the 270 
remaining populations until about 2,500 years ago (see Supplementary Fig. 7 and 271 
Supplementary Text). 272 
 273 
Genetic differentiation between FBDs and pure-breed dogs 274 
PCA placed FBDs in intermediate positions between groups of pure-breed dogs 275 
(Supplementary Fig. 8). The majority of modern European breeds were clustered together, 276 
and only a few free-breeding individuals grouped within this cluster, suggesting relatively low 277 
gene flow from pure-breed dogs into FBDs. FBDs from Slovenia and Poland were placed 278 
closer to the cluster of European breeds than any other FBD populations, which is consistent 279 
with a local origin of modern European breeds. German shepherd occupied an outlier position 280 
in the PCA (Supplementary Fig. 8A), which was unexpected, but consistent with other 281 
analyses in this study.  282 
Breeds of East Asian (Shar Pei, Shiba Inu) and Arctic origin (Greenland Sledge Dog, 283 
Alaskan Malamute, Siberian Husky) were placed at the opposite end of PC1 relative to the 284 
European breeds cluster. The Arctic breeds originated in East Asia [31-33], so close 285 
clustering of these two groups of breeds reflects their common origin. FBDs were placed 286 
between these two extremes, with East Asian FBDs grouping closer to East Asian breeds, and 287 
European FBDs closer to European breeds (Supplementary Fig. 8C).  288 
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The inclusion of grey wolves into the PCA shows that dogs and wolves form clearly 289 
separated clusters, suggesting that gene flow between FBDs and wolves (revealed in our 290 
TREEMIX analysis; see below) has not affected the genetic integrity of these populations 291 
(Supplementary Fig. 9A). At PC1, East Asian and Arctic breeds showed closest proximity to 292 
wolves of all the pure-breed dogs and FBDs. However, when this analysis was re-run with 293 
more balanced sample sizes for all groups (FBDs, breed dogs and wolves), East Asian and 294 
Middle Eastern FBDs showed similar level of proximity to wolves at PC1 as East Asian and 295 
Arctic breeds (Supplementary Fig. 9B). Despite these differences, all the PCA plots were 296 
consistent in showing genetic distinctiveness of FBDs from breed dogs, and distinctiveness of 297 
East Asian and Arctic breeds from modern European breeds.    298 
 299 
Phylogenetic reconstruction of relationships between FBDs and pure-breed dogs  300 
A maximum-likelihood tree of population divergence constructed in TREEMIX
 
and a 301 
neighbour-joining tree of FST-distances among FBDs and pure-breed dogs, consistently 302 
inferred the earliest divergence for East Asian and Arctic breeds, followed by East Asian 303 
FBDs (Fig. 1B, Supplementary Figs. 10, 11). The early branching of East Asian breeds was 304 
inferred with 98–99% bootstrap support, and that of East Asian FBDs with 92–95% support 305 
(Fig. 1B, Supplementary Fig. 11). Modern European breeds were grouped in one clade, which 306 
also included Slovenian FBDs. All other FBDs were placed outside of this clade, with the 307 
Middle Eastern populations forming a distinct group from European and Central/West Asian 308 
populations.  309 
Individual-based IBS distances produced a similar topology (Supplementary Fig. 12). 310 
Some individual FBDs clustered with particular dog breeds, suggesting their mixed-breed 311 
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origin. However, most FBDs formed separate groups from breed dogs, indicating their genetic 312 
distinctiveness.  313 
In an IBS tree including pure-breed dogs only, East Asian and Arctic breeds branched 314 
from basal nodes, showing the consistency in this branching pattern for phylogenies with and 315 
without FBDs. Spitz-type breeds of European origin (Keeshond, Elkhound, Finnish spitz, 316 
German spitz, Schipperke) or mixed European and East Asian ancestry (Eurasier) were placed 317 
outside of the modern European breed clade (Supplementary Fig. 13), suggesting their genetic 318 
distinctiveness.  319 
 320 
Admixture between FBDs, pure-breed dogs and grey wolves 321 
The TREEMIX analysis assuming 10 admixture events revealed post-divergence gene 322 
flow from grey wolves to Middle Eastern FBDs (Supplementary Fig. 14). We also identified 323 
gene flow from Keeshond to Eurasier, consistent with the origin of this last breed, which was 324 
developed by crossing Keeshond females with Chow Chow males [6]. Unexpectedly, we also 325 
detected gene flow from German shepherd to multiple FBD populations in Europe and 326 
Central/West Asia (Supplementary Fig. 14A), suggesting frequent mixing between this breed 327 
and FBDs.  328 
Because the presence of German shepherd prevented the detection of other admixture 329 
cases, we re-ran the analysis after removing this breed from the dataset. This analysis revealed 330 
additional gene flow events, including: (a) from modern breeds to FBDs in Thailand, East 331 
Russia and Europe, (b) between Mongolian and Chinese FBDs, (c) between Arctic and East 332 
Asian breeds, and (d) between ancestral populations of modern European breeds 333 
(Supplementary Figs. 14B and 15). An analysis allowing 15 migration events instead of 10 334 
further revealed gene flow from wolves to Greenland Sledge Dogs, and additional cases of 335 
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gene flow between ancestral populations of modern European breeds (Supplementary Fig. 336 
14C). The addition of migration edges significantly improved the fit of the phylogenetic 337 
model to the data (Supplementary Text and Supplementary Fig. 16). 338 
Importantly, accounting for gene flow affected the topology of dog phylogeny. In 339 
TREEMIX trees accounting for gene flow (assuming either 10 or 15 migration edges), Chinese 340 
and Thai FBDs formed the earliest-branching clade together with East Asian breeds 341 
(Supplementary Figs. 14 and 15), suggesting that East Asian breeds and FBDs have a 342 
common origin. KIMTREE
 
analysis (see Supplementary Text) provided higher support for this 343 
last topology than the topology where only pure-breeds branched from the most basal node 344 
(Supplementary Fig. 17). 345 
 346 
Reconstruction of the geographic distribution of ancestral dog populations 347 
We used the software RASP [30] to reconstruct the geographic distribution of 348 
ancestral dog populations, based on the TREEMIX trees both without and with gene flow. For 349 
both trees, this analysis indicated that the most recent common ancestor of extant dogs 350 
originated in East Asia (Fig. 1B, Supplementary Figs. 18 and 19). It also suggested a gradual 351 
westward expansion of dogs along two migration routes from East Asia (a) to the Middle East 352 
and (b) to Europe through Central and West Asia (Fig. 1A, B). It is important to stress that 353 
this finding concerns the most recent common ancestor of extant dogs, rather than the most 354 
recent common ancestor all dogs shared with their ancestral grey wolf population.   355 
 356 
4. Discussion 357 
Origin of FBDs in relation to pure-breed dogs 358 
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Our results show that Eurasian FBD populations are genetically distinct from pure-359 
breed dogs. Although we found mixed-breed individuals among FBDs, they constituted a 360 
small fraction of the entire population. Another study has recently reached a similar 361 
conclusion for FBDs from south and central Asia [10]. Taken together, these results suggest 362 
that most FBD populations in Asia represent lineages distinct from modern European breeds 363 
and probably native to their respective locations. Furthermore, we provided evidence for the 364 
long-term continuity of FBD lineages in East Asia by demonstrating their clustering with the 365 
dingo (Supplementary Text and Supplementary Fig. 20), which originated from East Asia and 366 
was isolated from other dog populations for at least 3,500 years before the arrival of 367 
Europeans and their dogs to Australia [6, 17, 38]. This shows that East Asian FBD 368 
populations are indigenous; however, similar as FBDs in other parts of Asia, they include a 369 
small fraction of non-native mixed-breed individuals. 370 
  371 
Population structure and genetic diversity in Eurasian FBDs 372 
Even though we sampled populations from discrete and distant locations (a sampling 373 
pattern that typically leads to overestimation of population structuring), we found no strong 374 
spatial genetic structure among Eurasian FBDs. Such a pattern may suggest a relatively recent 375 
common origin of all Eurasian FBD populations and/or intense admixture between regions. 376 
Declining spatial autocorrelation of genetic distances for geographic distance classes between 377 
1,000 and 4,000 km (Supplementary Fig. 4B) shows the importance of geographic distance in 378 
shaping population differentiation of FBDs. However, higher genetic similarity of East 379 
Russian FBDs to dogs from Central Russia and other countries formerly belonging to USSR 380 
(Kazakhstan, Tajikistan, Armenia) than to geographically closer dogs from China suggests 381 
that genetic differentiation of FBDs is also shaped by cultural/political divisions in human 382 
populations. 383 
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The weak genetic differentiation among FBDs from different parts of Eurasia can 384 
explain the lack of consistent differences in autosomal genetic variability between the four 385 
main regions of Eurasia. This result is similar to that based on Y chromosome data, which 386 
revealed comparably high diversity in South-West Asia, South-East Asia, Europe, Africa and 387 
Oceania [10, 15]. However, mitochondrial DNA data showed instead the highest haplotype 388 
diversity in South-East Asia [10, 12, 39] – a pattern which some studies interpreted as 389 
evidence for East Asian origin of the domestic dog [12, 39].  390 
Population genetic models of spatial expansion are typically based on a serial founder 391 
effect model, which assumes a continuous decline in diversity along a colonisation route due 392 
to a series of bottlenecks, and no major phylogeographic changes after the initial colonisation 393 
[40]. However, genetic clines may also result from alternative scenarios involving extensive 394 
post-colonisation admixture [40]. Our TREEMIX analysis revealed a number of admixture 395 
events among different FBD populations, which could have contributed to the contrasting 396 
diversity patterns between mtDNA and nuclear DNA, especially if admixture was sex-biased.  397 
Geographic patterns of FBDs expansion in Eurasia         398 
We found that the Chinese FBD population had lower LD and higher NE estimates 399 
than other FBD populations, throughout all the time periods assessed. Such a pattern is 400 
expected from an ancestral population in comparison with derived populations, as illustrated 401 
by genetic studies on the origin of modern humans. A LD-based estimate of temporal NE 402 
changes in human populations showed a large reduction in NE in non-Africans compared to 403 
Africans lasting between 125,000 and 10,000 years ago, providing support for the "Out of 404 
Africa" migration event
 
[41]. Other East Asian FBD populations from Thailand and Mongolia 405 
had intermediate LD estimates between the Chinese populations and West Eurasian 406 
population for small distance classes. Increased LD and reduced NE in West Eurasian FBD 407 
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populations as compared with East Asian populations are consistent with a migration event 408 
from East Asia westwards.  409 
Identifying a precise geographic location of the source population for the inferred 410 
expansion would require denser sampling of Asian FBDs. Another study has recently found 411 
lowest LD at short inter-SNP distances in FBDs from Mongolia and Nepal [10], but did not 412 
include samples from China, and classified Mongolia as Central rather than East Asia.  413 
In accordance with the inference from the LD pattern, we found that East Asian breeds 414 
and FBDs branch from basal nodes in the phylogeny of extant dogs (Fig. 1B and 415 
Supplementary Fig. 15). The biogeographic reconstruction of ancestral distributions using 416 
RASP showed a clear pattern of a gradual expansion of modern dogs from East Asia towards 417 
the Middle East and Europe, indicating that East Asia was a source population in a major 418 
migration event.  419 
Patterns of Y chromosome variability also suggest a large and rapid expansion of dogs 420 
from East Asia westwards [17]. This expansion was dated at between 4,000 and 11,000 years 421 
ago (5,800 years ago, SE 1,750 or 8,400 years ago, SE 2,500, depending on the calibration; 422 
[17]), which is considerably later than current estimates of the time when the domestication 423 
process was initiated
 
(~19,000–40,000 years ago [13, 18]). Such timing implies that this was a 424 
secondary rather than primary expansion wave, which could have led to the replacement of 425 
dog lineages that had earlier occupied Western Eurasia [17], potentially diluting evidence for 426 
the primary expansion.  427 
Although the dating of this expansion event is not precise, it could be linked with the 428 
neolithisation process
 
[17], and it could have occurred via trade and/or in association with 429 
spatial and demographic expansion of Neolithic humans
 
[42, 43]. The dogs from the new 430 
expansion wave could have admixed with earlier resident populations – in parallel with the 431 
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admixture of expanding Neolithic humans with resident Mesolithic populations
 
[42, 43]. 432 
Alternatively, the new immigrants could have replaced earlier resident populations, similar to 433 
what was seen after the expansion of European dogs (and their human owners) in North 434 
America [11]. If Europe was the place of the primary dog origin [13], the replacement 435 
scenario is more likely, because in the case of admixture we should expect higher genetic 436 
diversity in Europe as compared with East Asia, as demonstrated in an example of the honey 437 
bee Apis mellifera, where diversity of admixed populations is higher compared with native 438 
populations [44]. 439 
Integration with archaeological and ancient DNA data 440 
The occurrence of the secondary expansion wave replacing earlier resident populations 441 
in Western Eurasia can account for discrepancies between earlier studies based on modern 442 
DNA analysis, suggesting East or Central Asia as the region of dog origin [10, 12, 14], and 443 
evidence from archaeological
 
and ancient DNA data, pointing instead to Europe or West Asia 444 
[6, 13]. The occurrence of the secondary expansion event may also explain why "none of the 445 
ancient breeds derive from regions where the oldest archaeological remains have been found" 446 
[6]. The early-branching dog breeds from East Asia and the Arctic can be considered as 447 
"ancient" in the sense that they likely represent lineages older than modern European breeds. 448 
However, this does not imply a direct line of descent from the first domesticated population, 449 
which may be extinct
 
[18, 36] or swamped by admixture. 450 
We acknowledge that a major expansion from East Asia may be not the only scenario 451 
consistent with our data, however this conclusion is also supported by other independent 452 
datasets of modern Asian FBDs based on different types of genetic markers [10, 12, 15, 17, 453 
39]. These earlier studies differ in the precise location of the source population (South-East vs 454 
Central Asia) and in the interpretation of this expansion as a primary [10, 12, 15, 39] or 455 
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secondary [17] wave. In our opinion, this cannot be resolved without extensive analysis of 456 
archaeological dog samples from different parts of Asia.   457 
 458 
Admixture patterns 459 
A recent study [18] provided evidence for introgression from a lineage of ancient 460 
Siberian wolves into Arctic and East Asian dog breeds (Siberian Husky, Greenland Sledge 461 
Dog, and Shar-Pei). This past admixture with wolves could result in earlier branching of these 462 
breeds relative to East Asian FBDs in the phylogeny of Eurasian dogs. Therefore, we used the 463 
TREEMIX approach to directly account for the post-divergence gene flow in the phylogenetic 464 
reconstruction. This resulted in a tree where Chinese and Thai FBDs formed the earliest-465 
branching clade together with East Asian breeds (Supplementary Fig. 15), implying that these 466 
two dog groups have a common origin, and lineages they represent are older than lineages of 467 
modern European breeds. Importantly, the TREEMIX analysis revealed post-divergence gene 468 
flow from grey wolves to Greenland Sledge Dogs (Supplementary Fig. 14C), so the 469 
admixture event documented in [18] was accounted for. 470 
The TREEMIX analysis also revealed a number of other admixture events that may 471 
have an important effect on the inference of the dog evolutionary history. For example, it 472 
revealed post-divergence gene flow from grey wolves to Middle Eastern FBDs, consistent 473 
with the inference from whole-genome data
 
[36]. Although gene flow in the opposite 474 
direction was also inferred from whole-genome data, it was less intense (6–9% vs 12–14%; 475 
[36]) and remained undetected here because of the limited number of migration events 476 
assumed (10 or 15).  477 
Many gene flow events we detected were known from earlier studies or from breed 478 
histories, confirming that our results are accurate. For example, the cross-breed origin of 479 
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Eurasier, resulting from an admixture between European and East Asian spitz-type dogs, was 480 
accurately inferred in our TREEMIX analysis. Because the geographic origin of Eurasier was 481 
both in Europe and East Asia, this resulted in ambiguous inference of the geographic 482 
distribution for the common ancestor of Eurasier and East Asian dogs in the RASP analysis 483 
based on the TREEMIX tree with 10 migration edges (see Supplementary Fig. 19A).  484 
We also detected gene flow from modern breeds to FBDs in different parts of Eurasia. 485 
However, the tree of individual-based IBS distances showed that this is due to the presence of 486 
individual cross-breed dogs among FBDs. Most FBDs clustered separately from pure-breed 487 
dogs, further supporting our conclusion that FBDs are distinct genetic units rather than the 488 
result of ongoing admixture between breeds.  489 
 490 
5. Conclusions 491 
We presented here a large-scale assessment of genome-wide variability of Eurasian 492 
FBDs, showing that they are genetically distinct from pure-breed dogs, and their inclusion is 493 
necessary for a complete representation of genetic variability of extant dogs. We provided 494 
evidence that East Asian FBD populations are indigenous (although they include a fraction of 495 
mixed-breed individuals), while FBDs from West Asia and Europe derive from an ancient 496 
expansion of East Asian dogs. This expansion was probably secondary
 
[17] and could have 497 
led to the replacement of earlier resident populations in Western Eurasia. The occurrence of 498 
such secondary expansion wave can account for discrepancies between studies aimed at 499 
identifying the region of primary dog domestication based on modern DNA analysis with 500 
those based on archaeological and ancient DNA data. We also presented evidence for 501 
admixture between different FBD populations and for hybridisation with wolves. The picture 502 
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emerging from our results shows a very complex post-domestication history of the dog, which 503 
was as eventful as the history of humans.  504 
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 685 
Figure legend 686 
FIG. 1 Genetic differentiation in FBDs and dog expansion routes in Eurasia. (A) 687 
Distribution of sampling sites with their division into geographic regions, and dog expansion 688 
routes in Eurasia inferred using RASP. (B) Maximum likelihood tree of genetic 689 
differentiation among FBDs and pure-breed dogs, constructed in TREEMIX. Distribution of 690 
ancestral populations was inferred using RASP (with uncertainty assessed using Bayesian 691 
Binary MCMC), and is marked on nodes using colour-codes. Black colour denotes 692 
undetermined distribution, and the colour codes are simplified compared with the original 693 
output (Supplementary Fig. 18A). In the RASP analysis, Arctic breeds were assigned to East 694 
Asia, according to their primary origin [31-33]. Bootstrap support (based on 1,000 replicates) 695 
is marked with black stars if above 90%, and with white stars if between 65 and 90%. (C) 696 
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Population genetic structure in Eurasian FBDs, inferred using ADMIXTURE assuming 2 to 4 697 
genetic clusters. 698 
 699 
Supplementary Material 700 
Supplementary material is provided as two PDF files. Supplementary File 1 includes 701 
Supplementary Text, Supplementary Figures 1-20 and Supplementary Tables 1-5; 702 
Supplementary File 2 presents Supplementary Fig. 12B. 703 
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FIG. 1 Genetic differentiation in FBDs and dog expansion routes in Eurasia. (A) Distribution of sampling sites 
with their division into geographic regions, and dog expansion routes in Eurasia inferred using RASP. (B) 
Maximum likelihood tree of genetic differentiation among FBDs and pure-breed dogs, constructed in 
TREEMIX. Distribution of ancestral populations was inferred using RASP (with uncertainty assessed using 
Bayesian Binary MCMC), and is marked on nodes using colour-codes. Black colour denotes undetermined 
distribution, and the colour codes are simplified compared with the original output (Supplementary Fig. 
18A). In the RASP analysis, Arctic breeds were assigned to East Asia, according to their primary origin [31-
33]. Bootstrap support (based on 1,000 replicates) is marked with black stars if above 90%, and with white 
stars if between 65 and 90%. (C) Population genetic structure in Eurasian FBDs, inferred using ADMIXTURE 
assuming 2 to 4 genetic clusters.  
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